responses of the N2-fixing community in relation to differences in soil chemistry and 23 agricultural practices. Phylogenetic analysis revealed an expected high proportion of Alpha-, 24
Betaand Delta-proteobacteria, mainly relatives to Bradyrhizobium and 25
Methylosinus/Methylocystis, but a surprising paucity of Gamma-proteobacteria. ANOVA and 26 stepwise regression modelling suggested location and treatment-specific influences of soil 27 type on diazotrophic community composition and organic carbon concentrations on nifH 28 diversity. nifH gene abundance, determined by qPCR, was higher in agricultural soils than in 29 non-agricultural soils, and was influenced by soil chemistry under intensive crop rotation but 30 not under monoculture. At some locations, sustainable increased crop yields might be 31 possible through the management of soil chemistry to improve the abundance and diversity of 32 N2-fixing bacteria. 33 34
Introduction 35
Biologically available N is often a limiting nutrient in agricultural soil and other environments 36 (Vitousek and Howarth, 1991) . To this end, 4.32 x 10 5 tons of nitrogen fertilizers are used 37 annually in the productive agricultural region of Argentina, which have recently been 38 dedicated to soybean monoculture, due to financial considerations that also lead to minimal 39 nutrient restoration (FAO, 2012) . In an effort to mitigate the negative effects of monoculture 40 on soil quality, principally increased erosion and decreased moisture retention, reduced-till 41 agricultural practices have been widely introduced in Argentina (Viglizzo et al., 2011) . 42
Studies have shown that while reduced-till practices can improve soil quality by reducing loss 43 of nutrients and increasing moisture retention, it remains to be seen whether the beneficial 44 effects are fully realized under monoculture and low nutrient replenishment (hereafter named 45 poor no-till practices) as compared to intensive crop rotation and nutrient replacement (named 46 good no-till practices) (Abid and Lal, 2009; Souza et al., 2013) . Specifically, it is not known 47 4 et al., 2003; Hsu and Buckley, 2009; Lovell et al., 2000; Moisander et al., 2005) . The 108 remaining 1K OTUs clustered with sequences from the Rhizobiales order, which appeared to 109 be highly represented in the database (33% of the total database). These OTUs were more 110 closely related to sequences belonging to Bradyrhizobium (7 OTUs) and the 111 Methylocystis/Methylosinus methanotrophic group (4 OTUs), which represented 23.6% and 112 9.4% of the total database, respectively. OTUs of subcluster 1J were related to 113 Rhodospirillales sequences; one of them was related to Azospirillum while the remaining ones 114 clustered with environmental sequences and were related to sequences from phototrophic 115 purple non-sulfur bacteria belonging to Rhizobiales and Rhodospirillales orders. 116
Three abundant OTUs were represented by sequences that clustered with Deltaproteobacteria 117 sequences; two of them were classified as 1A and one as 3B. The closest cultivated sequences 118 for the two 1A OTUs were Anaeromyxobacter and Pelobacter/Geobacter, respectively. The 119 3B OTU clustered with uncultured soil sequences, which are closely related to sequences of 120 the sulphate-reducing bacteria of the Desulfobacteraceae family. 121
Some major clusters and subclusters were underrepresented in our samples. Major clusters II 122 and IV were represented by only a few OTUs, which is perhaps understandable given that 123 cluster II contains the alternative (FeV and FeFe) nitrogenases and cluster IV is composed of 124 nifH paralogs. By contrast, the scarcity of Gammaproteobacteria in subclusters 1O and 1M 125 was surprising, as well as the paucity of Clostridiales, Pseudomonadales and 126
Enterobacteriales representatives from subgroups 3A and 1G (Table 1) . 127
These data revealed that even when soils contain representatives of most of the diversity of 128 nifH sequences found in natural environments, sequences belonging to Alpha, Beta and Delta-129 proteobacteria were predominant. 130
Geographic location is a major determinant of nifH diversity in soil 131
The diversity of nifH in soils was examined using rarefaction curves ( Fig. S2 ) and various 132 estimators of richness and evenness (Table 2) . At 2% dissimilarity, none of the rarefaction 133 curves reached saturation. However, the relative coverage was similar among samples, 134 ranging from 59 to 84% and 55 to 77% according to SChao1 and SACE estimators, respectively. 135 These numbers indicate that although the sequencing effort did not fully cover the potential 136 diversity, a substantial and comparable fraction was assessed in all samples. 137
As shown in Table 2 , the richness and diversity of the diazotrophic community were strongly 138 affected by the geographical location of the sampling site, but not by the soil management 139 practices. One-way ANOVA models confirmed significant differences among the four 140 locations (p = 3e -6 for richness and p = 4e -5 for diversity) but not between years or 141 treatments. Two-way ANOVA did not indicate significant interaction effects. Whereas the 142 sandy soils of Bengolea displayed the lowest number of nifH OTUs and the lowest Shannon 143 index (H´) values, Viale clay soils had the highest richness and diversity (Table 2) . 144
Stepwise regression models were applied to assess the relationship between diazotroph 145 diversity measured by the Shannon index and soil chemical composition. Only C content was 146 selected as significant predictor (p = 0.016, r 2 = 0.38). With treatment factor (p = 0.004) 147 added to C content (p = 3e -5 ) as predictor, the model improves considerably (r 2 = 0.60) 148
indicating that nifH diversity is significantly affected by soil organic carbon. 149
Soil properties affect the composition of diazotrophic community 150
There were clear differences in the proportion of the eight predominant subclusters with 151 respect to location. The westernmost (Bengolea) and easternmost (Viale) locations showed 152 the largest differences compared to the two central locations (Monte Buey and Pergamino), 153 likely due to contrasting soil types ( Fig. 3 .A, top row). As noted before, subcluster 1K 154 dominates all locations. The proportion of subcluster 1J sequences decreases from west 155 (Viale) to east (Bengolea) . As mentioned above, the lowest diversity among sites was 156 observed at Bengolea, which consists mainly of subclusters 1K and 1J. Correspondence 157 analysis plots show a more comprehensive and detailed view of the similarities between 158 locations as defined by their subcluster proportions (Fig. 3.B Differences in the proportion of subclusters are subtler across treatments (Fig. 3 .A, bottom 167 row). The pie chart shows that the proportion of 1J subcluster is notably high in GAP and 168 PAP samples. The trend in subcluster 1K proportion is NE>GAP>PAP, whereas subcluster 169 3B displays the opposite trend (Fig. 3.A, bottom row) . 170
The strong relationship between location and nifH cluster proportions was confirmed by 171 linear discriminant analysis. Using the proportion of 13 nifH subclusters as predictors, 100% 172 of samples were correctly assigned to location categories (Bengolea, Monte Buey, Pergamino, 173 Viale), while only 88% of samples to treatment categories (NE, GAP, PAP), and 83% of 174 samples to year categories (2010, 2011) .
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The proportion of the four predominant nifH subclusters (1A, 1J, 1K, and 3B) is affected 176 differently by soil chemical properties (Fig. 4) . The proportion of subclusters 1A and 3B 177 increased with increasing pH and moisture. Subcluster 1J proportion increased, while 3B 178 decreased with decreasing organic C, N, and P levels. Subcluster 1K was unaffected by soil 179 chemistry, explaining its dominance in all samples. The above findings were confirmed by 180 stepwise regression models (Table S1) . 181
Environment influences abundance of soil N2-fixing bacteria 182
The relative abundance of N2-fixing bacteria was determined by qPCR. In general, the 183 number of nifH copies varied significantly across sites (Monte Buey<Bengolea<Pergamino; r under NE treatment in both years (Fig. 5 ). This pattern is opposite to the C, P and N levels, 195
i.e. nifH abundance is lowest under NE treatment where C, P and N contents are highest. 196
The relationship between soil chemistry and nifH abundances was location-and treatment-197 specific. This is shown by better fit and prediction of regression models calculated for each 198 location or treatment separately compared to modeling all samples together (r 2 =0.57, r The location-and treatment dependence of soil chemistry also manifests in the dissimilar 208 correlation patterns between abundance and soil parameters. For example, under NE and GAP 209 treatment strong significant correlation was found between nifH abundance and P (-0.66 and -210 0.64), while pH (r = -0.74) and moisture (r = -0.56) were the main influencing parameters 211 under PAP treatment. Considering locations, nifH abundance was negatively correlated with 212 N (r = -0.79), P (r = -0.88) and moisture (r = -0.84) in Bengolea, whereas in Pergamino the 213 most significant correlation (r = -0.93) was with pH. It is notable that the significant 214 correlations between individual soil chemistry parameters and nifH abundance were all 215
negative. 216
Discussion 217 This study examined the community structure of N2-fixing bacteria in soils, and the effects of 218 soil type and management practice on the abundance and structure of the N2-fixing 219 communities in Argentinean agricultural soils. This database makes a significant contribution 220 to the number of nifH sequences coming from soil, which in the recent report by Gaby and 221 Buckley (2011) was estimated to be 3644 unique reads at the Genbank sequence database. 222
The 16782 unique protein sequences and 87020 nifH reads we obtained, along with associated 223 metadata, provide the most detailed and comprehensive picture of the diversity, abundance, 224 and environmental responses of the N2-fixing community in Argentinean soils, which produce 225 much of the world's supply of soybeans. We observed evidence of community members that 226 responded to specific environmental factors, and some evidence of broad community effects 227 related to soil type and soil chemistry. 228
It has been indicated that technical reproducibility and complete removal of sequencing 229 artifacts are important issues in the analysis of sequence data generated by pyrosequencing 230 (Zhou et al., 2011; Knight et al., 2012; Pinto and Raskin, 2012) . In this regard, we chose to 231 survey space and time more broadly, without technical replicates. However, to limit the 232 creation of artifacts and to insure their removal, we pooled amplicons from multiple PCR 233 reactions, removed low quality sequences, chimeras and frameshifts, used an equal number of 234 sequences in samples, and removed less frequent OTUs (Schloss et al., 2011) . As a result, our 235 dataset is an accurate survey and represent a broad region of agricultural importance for 236
Argentine. 237
We found that Alpha-and Beta-proteobacteria (subclusters 1K and 1J) and Delta-238 proteobacteria (sublcuster 1A) were well represented in our samples as expected, but not 239 Gamma-proteobacteria (Table 1) . The low representation of nifH sequences related to 240
Gamma-proteobacteria is striking considering that several genera included in this group 241 (Pseudomonas, Enterobacter and Azotobacter) were found to be common components of soil 242 (Wang et al., 2012; Liu et al., 2012) . As in any other approach based on PCR amplification, 243 8 we cannot rule out that underrepresentation of Gamma-proteobacteria sequences should be 244 consequence of primer bias. However, the lack of Gammaproteobacteria has also been 245 reported in the diazotrophic community of some tropical soils examined by both cultivation-246 dependent and -independent approaches (Izquierdo and Nüsslein, 2006) . 247
The Alpha-proteobacterial sequences related to Rhizobiales order accounted for 33% of the 248 total database. Two of the largest groups of sequences in subcluster 1K, groups 657 and 2991 249 (Fig. 2) , were found in NE and GAP treatments, but poorly represented or not found in PAP 250 practice soils (data not shown), indicating that they prefer either natural conditions or Good 251 no-till Agricultural Practice, such as corn intercropping. Interestingly, groups 657 and 2991 252 fell into the cluster that groups the photosynthetic Bradyrhizobium sp. strains, one of which 253 (clone T1t015) has been reported to be positively affected by the presence of maize residues 254
(Hsu and Buckley, 2009). 255
Sequences related to the methanotrophic group Methylosinus/Methylocystis were well 256 represented in our soil samples (9.4% of the total database). The abundance of these 257 sequences in soil has been attributed to their adaptive advantage in poor-carbon soils and to 258 the positive effect of fermentation processes associated with root exudates or stubble retention 259 (Duc et al., 2009; Buckley et al., 2008) . However, the distribution of methanotrophic 260 sequences found in our soil was uneven and could not be related to any of these factors (data 261 not shown). 262
The variability in the composition of phylogenetic groups across geographical locations may 263 lend insight into the conditions that affect the different phylogenetic groups. For instance, the 264 distribution of 1B and 1J was mainly associated with the level of soil organic C (Table S1 ; 265 Fig. 4) . Considering that most of the abundant 1J OTUs were related with phototrophic purple 266 non-sulfur bacteria, it could be hypothesized that low carbon content may promote increased 267 phototrophic bacterial populations. Conversely, the proportion of nifH sequences from orders 268 Campylobacterales (Cluster 1), Frankia (1D), Desulfovibrionales and Verrucomicrobiales 269 (3B) seems to be associated with high levels of both C and N. Moreover, the proportion of the 270 3B group, as well as the anaerobes Clostridiales (1C), Anaeromyxobacter and 271 Desulfuromonadales (1A), seems to be negatively affected by low levels of soil moisture 272 (Table S1 ). Consequently, these phylotypes were found underrepresented in sandy soils. 273 A significant difference in diazotrophic diversity was observed across the four locations but 274 not among management treatments. In a companion study using the same set of soil samples, 275 diversity of the whole bacterial community did not vary by location or management treatment 276 (Figuerola et al., 2012) , suggesting that diversity variation is a distinctive feature of the N29 fixing community. nifH diversity and richness levels were consistently low in the sandy soil 278 from Bengolea, whereas the clay soil from Viale displayed the highest diversity (Table 2) . 279
Based on regression analysis, the differences of diversity across sites appear to be mainly 280 associated with levels of soil organic carbon. This result is not surprising, given that 281 heterotrophic N2-fixers often metabolize organic matter both to fix N2 and to maintain high 282 respiration rates to avoid O2 inactivation of nitrogenase (Hill, 1992) . 283
Interestingly, nifH abundance in agricultural soils was higher than in pristine non-agricultural 284 soils, suggesting that land use or presence of crops somehow promote diazotroph populations. 285 Therefore, our study provided no evidence that no-till production systems either with intense 286 crop rotation or monoculture practices negatively affect the level of the potential N2 fixation 287 community of soils. It could be that perturbation of soil by cropping promotes increases in 288 abundances unlike the pristine environment which eventually reaches a steady state. 289
Species abundance, diversity and function are important components of the sustainable 290 agriculture systems. Within this ecological framework, we demonstrated at some locations 291 potential for management of soil chemistry to improve the abundance and diversity of N2-292 fixing bacteria. Surprisingly, at locations where good agricultural practices are being 293 followed, it could be beneficial from the standpoint of promoting N2-fixation not to be overly 294 ambitious with nutrient replacement, as well as with practices that affect soil pH and water 295 content. This conclusion is supported by the negative correlations we sometimes found 296 between nifH abundance and nutrient levels, pH, and soil moisture. Considering that higher 297 nifH abundances are not always associated with higher N2-fixation rates or diversity, 298 additional research on nif expression and N2-fixation rates would be useful in order to 299 compare diazotroph community structure with N2-fixation activity. 300
301

Experimental procedures 302
Sample collection and soil characterization 303
Soil samples were collected from four geographical locations in the Argentinean Pampas. 304
From west to east, the sampling locations were: Bengolea (33º01′31′′S; 63º37′53′′W) and 305
Monte Buey in Córdoba Province (32º58′14′′S; 62º27′06′′W); Pergamino in Buenos Aires 306
Province (33º56′36′′S; 60º33′57′′W); and Viale in Entre Ríos Province (31º52′59′′S; 307 59º40′07′′W) (Fig. 1) . The sites comprise three different soil types, a sandy loam (Entic 308
Haplustoll) in Bengolea, a silty loam (Typic Argiudoll) in Pergamino and Monte Buey and a 309 silty clay (Argic Pelludert) in Viale (Table 3) . 310
As previously described by Figuerola et al. (2012) , three treatments were defined at each of 311 the four sampling geographical locations. Good no-till Agricultural Practices (GAP) treatment 312 is characterized by intensive crop rotation (soybean-maize), nutrient replacement, and low 313 agrochemical use. Poor no-till Agricultural Practices (PAP) treatment is characterized by crop 314 monoculture (soybean), low nutrient replacement, high agrochemical use and lower yields. 315
Grasslands uncultivated for 30 or more years were considered Natural Environment (NE) 316
treatments. 317
Sampling was performed in February (Southern hemisphere summer) of years 2010 and 2011. 318
Each treatment-site combination was sampled in three replicates from 5 m 2 quadrants 319 separated by at least 50m from each other. Samples consisted of a pool obtained from 16-20 320 randomly selected subsamples from the top 10 cm of bulk soil. These subsamples were 321 immediately combined and homogenized after field collection, and transported to the 322 laboratory at 4ºC. Within 3 days after collection, samples were sieved through 4-mm mesh to 323 remove roots and plant detritus, and stored at -80ºC until further processing. The replicates of 324 each treatment were independently analyzed for the q-PCR analysis. For pyrosequencing 325 analysis, DNA extraction and amplification were performed independently on each replicate, 326 and amplicons were pooled into a single sample before labelling barcoding, resulting in a total 327 of 24 composite samples (4 sites x 3 treatment x 2 time sampling). 328
The following soil characteristics were used in the subsequent statistical analyses: soil texture 329 (% silt and clay), pH, gravimetric moisture content (%), total organic carbon measured by dry 330 combustion (C, %), total nitrogen obtained by the Kjeldahl method (N, %), and extractable 331 phosphorous determined by the method of Bray and Kurtz (P, ppm) ( Table 3 ). The 332 measurement and analysis of these physico-chemical characteristics have been previously 333 described (Figuerola et al., 2012; Duval et al., 2013) . Briefly, there was a clear gradient in 334 soil texture from west to east with increasing clay and decreasing sand content from Bengolea 335 to Viale. Regarding chemical parameters, the lowest C and N values were found at Bengolea 336 under all three treatments, whereas Viale C and N levels surpassed the other sites but only for 337 GAP and PAP treatments. P levels were highest in Monte Buey while the lowest levels were 338 observed at Pergamino. With some exceptions, C, N and P were highest in NE treatment and 339 lowest in PAP. These soil properties show no variation between years. By contrast, moisture 340 content in 2011 was only 2/3 of the 2010 level (14% ± 5.9 vs. 22.4% ± 4.7) and pH was also 341 lower in 2011 than 2010 (5.91 ± 0.29 vs. 6.62 ± 0.18). 342
DNA extraction 343
11 DNA extraction and amplification were performed independently for each replicate sample. 344
Soil DNA was extracted from 0.25 g of soil using FastDNA Spin kit for soil (MP 345 Biomedicals), in accordance with the manufacturer's instructions. 346
Quantification of nifH 347
The relative abundance of the nifH gene was quantified via quantitative real-time PCR 348 (qPCR). The qPCR reactions contained 10 ng of soil DNA, 1.2 µl of each primer (5 pM 
Generation of barcoded nifH gene libraries 362
The diversity and composition of diazotrophic communities were assessed by pyrosequencing 363 analysis of the nifH gene. PolF-PolR degenerated universal primers were used to PCR 364 amplify an internal fragment (360 bp) of the nifH gene (Poly et al., 2001a) . Primer sequences 365 included the Roche 454 tag sequences A (CACGACGTTGTAAAACGAC) or B 366 (CAGGAAACAGCTATGACC) fused to the 5′ end of the forward and reverse nifH-367 primers, respectively. Amplification was performed using a FastStart High Fidelity PCR 368 system (Roche Applied Science, Mannheim, Germany) with the following parameters: initial 369 denaturation at 95ºC for 5 min, 20 cycles of 94 °C for 1 min, 55 °C for 1 min and 72 °C for 2 370 min, and a final elongation step at 72 °C for 10 min. The PCR reactions were conducted in 371 triplicate to minimize random PCR bias. Amplicons were purified by using QIAquick Gel 372 extraction (Qiagen, CA, USA) and quantified using a Nanodrop Spectrophotometer. 373
Replicates were pooled in equimolar concentrations in a single treatment library. Each of the 374 24 libraries was labelled with a unique oligonucleotide barcode and pyrosequenced using 454 375
GS FLX technology. 376
Pyrosequencing data analysis 377
Sequences shorter than the threshold of 300 bp in length or displaying ambiguities were 378 removed from the 24 pyrosequencing-derived datasets. The remaining reads were translated 379 in all six reading frames and compared to a nifH reference database 380 (http://pmc.ucsc.edu/~wwwzehr/research/database/) using BLASTx from iNquiry software 381 (Bioteam). A cutoff of 1e -10 for the E-value was set to remove nonspecific blast hits. Putative 382 frame shifts were detected and removed with the FrameBot tool (RDP, Ribosomal Database 383 Project) using a profile hidden Markov model (HMM) (Zehr et al., 2003) as reference set. The 384 same HMM was used to align the nifH pyrosequences with the hmmalign program (HMMER 385 2.3.2). The resulting alignment was imported into ARB (Ludwig et al., 2004) , evaluated by 386 eye and subjected to minor manual corrections. The regions of the primers were trimmed and 387 incomplete sequences were removed. High-quality sequences were subsequently assessed for 388 chimeras using the UCHIME algorithm (Edgar et al., 2011) . Following that, the nucleotide 389 sequences were clustered into OTUs (operational taxonomic units) using CD-HIT Suite 390
program (Huang et al., 2010) with an OTU threshold value of 98% sequence identity at the 391 DNA level. OTU representative sequences were analyzed with de novo mode of UCHIME 392 using its relative abundance data. All putative chimeras detected using UCHIME default 393 settings were eliminated. Finally, the sequences in the database were clustered with OTUs 394 defined at 98% amino acid sequence similarity. The conservative OTU cut off used was 395 defined considering that protein-encoding genes of strains of a given species generally have a 396 high sequence similarity (Konstantinidis and Tiedje, 2005) . In an attempt to further reduce 397 potential pyrosequencing errors, OTUs represented by less than three sequences were 398 excluded from the database. The relative abundance of sequences of the remaining OTUs was 399 normalized using the subsampling-based method described in mothur 400
(http://www.mothur.org/wiki/Normalize.shared), prior to comparative analyses. 401 OTU representative amino acid sequences along with sequences selected from the nifH 402 reference database were used to build protein phylogenetic trees. Ambiguously aligned 403 regions were detected by visual inspection and excluded from the analysis. Trees were 404 constructed by performing neighbor-joining analysis (with the Kimura correction) using the 405
ARB program. 406
The data set was deposited in the NCBI-SRA (Sequence Read Archive) with the submission 407 Accession Number SRP029166. Table 2 . Richness, diversity and relative sample coverage for nifH libraries. The richness 538 estimators (Chao1, SChao1 and ACE, SACE) and Shannon's diversity index (H´) were calculated 539 for nifH libraries with OTUs defined at 98% amino acid sequence similarity. 540 Table 3 . Soil properties according to site and agricultural management at the sampling 541 dates. 542 Table S1 . Soil parameters that explain significant variation in the proportion of nifH 543 subclusters. 544 
